Bilateral ibotenic acid lesions of the anteromedial neostriatum produce neuropathological and behavioral changes in rats that are characterized by locomotor hyperactivity and severe maze learning impairments, which can be viewed as analogous to changes seen in Huntington disease. Grafts of fetal striatal neurons, implanted either into the lesioned striatum or into the denervated globus pallidus, reduced both the learning impairments and the locomotor hyperactivity, probably via different mechanisms. The results demonstrate the capacity of neural implants for functional neuronal replacement and promotion of functional recovery after damage to a maijor telencephalic structure participating in complex cognitive and motoric behaviors.
Neurodegenerative diseases in man represent neuropathological conditions where rather selective and anatomically restricted neuronal damage results in characteristic and often severe behavioral deterioration. There is accumulating evidence from experimental work in rodents that intracerebral implants of fetal aminergic neurons at least to some degree can substitute, both anatomically and functionally, for lost intrinsic pathways in the brain. This is based, in particular, on results obtained with grafts of mesencephalic dopamine neurons in rats with lesions that mimic the dopamine deficiency in patients with Parkinson disease (1, 2) and with grafts of basal forebrain cholinergic neurons in rats with lesions that reproduce the cholinergic deficit in patients with dementia of the Alzheimer type (3) (4) (5) . In these types of experimental lesions the primary damage is confined to such types of neurons, operating with acetylcholine or a monoamine as their transmitter, which normally act as tonic regulatory or level-setting systems in the brain. Hence, it is conceivable that the functional effects of grafted dopaminergic and cholinergic neurons could be mediated via a relatively nonspecific tonic release of the transmitter into their local environment.
Huntington chorea is characterized by a massive neuronal degeneration, particularly in the neostriatum, accompanied by motor dyskinesias and progressive mental deterioration. In rats, injections of excitotoxic amino acids, such as kainic acid or ibotenic acid (IA), into the caudate-putamen (CPu) are capable of producing neuropathological and neurochemical changes in the basal ganglia that resemble those seen in Huntington disease (6) (7) (8) . The behavioral changes seen in rats with excitotoxic neostriatal lesions are, by necessity, only of a correlative nature compared to the human disease. Thus, the rats with lesions do not, for example, exhibit any overt involuntary movements, typically seen in Huntingtonian patients. However, when the excitotoxic lesion involves the anteromedial neostriatum, which is the region most closely corresponding to the head of the caudate nucleus in man, the rats do develop a hyperactivity syndrome combined with substantial impairments in learning and memory (9-13), which can be viewed as analogous to the cardinal behavioral features of Huntington disease in humans.
The present study explores the potential of the neuronal replacement paradigm in this rat model. Previous studies (14) (15) (16) have shown that grafts of fetal striatal tissue can be made to survive well in the depth of the lesioned striatum in adult host recipient rats and that they can normalize the rat's locomotor hyperactivity and the increased local cerebral metabolic activity seen in several of the striatal output structures. Here we report that intrastriatal striatal grafts are capable also of restoring more complex cognitive behavior in rats with lesions in the striatum.
METHODS
A total of 33 adult-male Sprague-Dawley rats were used. Twenty-five of these received bilateral IA injections into the anteromedial CPu under Equithesin anesthesia (2 x 5 ,ug in 0.5 ,ul of 0.1 M sodium phosphate buffer, pH 7.5). Coordinates (from bregma) were as follows: A = +0.7 and +1.7, L = ± 2.0, V = 4.5; with the incisor bat at the interaural line. One week later nine of these received bilateral injections of a fetal striatal cell suspension into the IA-lesioned anteromedial CPu (A = +1.2, L = + 2.3, V = 4.5; incisor bar at 0); they constituted the CPu-graft group. Another group of 10 rats with IA lesions received identical injections from the same striatal cell suspensions bilaterally into the principal neostriatal projection area globus pallidus (GP) (A = -0.8, L = ± 3.0, V = 6.0; incisor bar at -2.3). These rats constituted the GP-graft group. Each rat received two 3-,u aliquots of a cell suspension from the striatal primordia of 14-to 15-dayold rat embryos (crown-rump length, 11-14 mm), as described (15, 16, 19) . Six rats with lesions but without grafts belonged to the lesion-alone group, and the remaining eight rats served as unoperated controls.
Three months after lesion and transplantation surgery the rats were tested for their impairments in the acquisition of a spatial delayed alternation task and spatial position habits in a conventional elevated T-maze (3, 9, 10), as described in Fig.  1 a-c and for their locomotor hyperactivity in automated photocell cages (10) (Fig. 1 d and e) . Eight of the CPu-grafted rats and nine of the GP-grafted rats survived throughout testing. The brains of all of these surviving animals were finally processed for quantitative morphometric analyses of the IA lesions and the striatal grafts, using cresyl violet and acetylcholine esterase (21) While all control rats rapidly acquired the delayed alternation task, reaching criterion (27 correct choices in 30 trials over 3 days) in 7-12 days, none of the rats with IA lesions reached criterion within 18 days of testing. Indeed, the mean performance of the lesioned group by the end of the test (between four and five correct alternations) was close to the random performance in the task (i.e., five correct alternations).
In agreement with previous studies (10, 14, 15, 20 ) the rats with IA lesions were significantly hyperactive in the overnight locomotor test (Fig. ld) , and this effect was further accentuated when the rats were tested under food deprivation (Fig. le) .
Graft-Induced Behavioral Recovery. Both graft groups were significantly improved in the acquisition of the delayed alternation task, as compared to the rats with IA lesions alone, when tested 3 months after grafting (Fig. ic) . The groupsdiffered significantly in the number of correct choices (F = 32.7, P < 0.001) and Newman-Keuls tests indicated that each groupdiffered from each other (control group > CPu-graft group > GP-graft group > lesion group; all at least P < 0.05). Three of the eight rats in the CPu-graft group reached criterion (at days 13, 16, and 17) , whereas the other CPu-grafted rats, although all close to this level of performance, did not reach the criterion level. By contrast, none of the rats in the GP-graft group reached criterion, and only three of the nine GP-grafted rats reached above 21 of 30 correct alternations during the last 3 days of testing.
In the overnight spontaneous locomotor test the lesioninduced hyperactivity was ameliorated in the CPu-graft group, both under the satiated (Fig. ld) and food-deprived (Fig. le) conditions, which is consistent with previous studies (14, 15) . The rats in the GP-graft group did not differ from nonlesioned controls in the satiated test but remained on average hyperactive in the food-deprived test. In the satiated test these group differences were significant (ANOVA F = 3.89, P < 0.05; post hoc Newman-Keuls test: P < 0.01 for lesion versus CPu graft, and P < 0.05 for lesion versus either GP graft or control). In the food-deprived test the variability was such that the overall group differences just failed to reach significance (F = 2.22, P < 0.1). The individual scatter in the locomotor activity scores in this test was particularly conspicuous in the GP-graft group: four of the nine rats had activity scores below the range of the normal control rats, and in the other five the activity scores were above or much above this range, a variability that may be due to particular and variable accidental damage caused by the grafts in this group (see below). If the GP-graft group is excluded from the group analysis the differences were significant also in the fooddeprived test (F = 3.85, P < 0.05), and the lesion group was significantly different from both the CPu-graft group and the nonlesioned controls (P < 0.05; Newman-Keuls test) while the activity of the CNu-grafted rats was not different from the controls.
Lesion and Graft Morphology. The IA lesion involved the entire rostral and medial CNu, where only single scattered neurons remained, while the ventral and ventrolateral portions of the head of the CPu as well as the tail portion were largely spared, and the nucleus accumbens was only minimally affected (Fig. 2) . As a result, the head of the CPu (rostral to the GP, excluding the graft volume) had shrunken by about 45%, and the volumetric analysis (performed on blind-coded slides) showed that the volume of the residual rostral CPu was similar in all three lesioned groups (Table 1) . In most animals the IA lesion extended dorsally into the overlying neocortex (Fig. 2) (B) and a GP graft (C) illustrated in six to eight coronal levels through the caudate-putamen (cp) and globus pallidus (gp), from the level of the genu of the corpus callosum (cc) (Top) to the body of the GP (Bottom). All figures were drawn from serial sections using a camera lucida technique. The anterior needle tract is indicated by arrows in the cortex (CX) in A and the lateral ventricles (lv) are black. t, Transplant; na, nucleus accumbens; ca, anterior commissure; s, septum; ic, internal capsule; and 3v, the third ventricle. The gliotic areas of the CPu (with low neuronal density) are indicated by stippling, the transplants by hatching, while areas of relative neuronal sparing are white.
part of the lateral septum (see Fig. 2 ) in virtually all animals, probably because of damage to the lateral septal nucleus due to leakage of the toxin. Again this nonspecific damage had a similar appearance in all three groups. No so-called remote neuronal damage, commonly seen after kainic acid lesionse.g., in hippocampus and mediodorsal thalamus-was detectable in the rats with IA lesions with the current staining methods.
Surviving striatal grafts were found on both sides in all surviving 17 animals of the CPu-and GP-graft groups. Both the size and the location of the grafts were different in the two groups: The grafts implanted into the lesioned anteromedial CPu were on the average about twice as large as the grafts implanted into the GP region-i.e., caudal to the lesion (Table 1 )-although neuronal density appeared similar in the two types of grafts. The CPu grafts were confined to the CPu, and they all extended into the anteromedial sector that normally receives a direct projection from the prefrontal cortex (Fig. 2B) . In the GP-graft group (see Fig. 2C ) on the average about 50% of the graft volume was located in or near the GP (i.e., outside the CPu) ( Table 1 ). The grafts extended to a variable degree in a rostrodorsal direction, along the track of the injection cannula, into the caudal and dorsal parts of the head of the CPu (Fig. 2C) , and only in one case (the largest grafts in the group) did the grafts extend well into the anteromedial sector. In several ofthe animals in the GP group the grafts had caused considerable damage to the GP and/or the medial portion of the internal capsule, and may also have involved part of the nucleus basalis or its axonal projections. Since GP and the medial portion of the internal capsule carry the two principal output pathways from the neostriatum-the striato-pallido-thalamic pathway and the striato-nigral pathway, respectively-we paid particular attention to this accidental damage in the analysis of the behavioral performance of the individual grafted animals.
Correlations with Behavioral Measures. There was no Proc. Natl. Acad Sci. USA 83 (1986) significant correlation between the total graft size and the performance of the grafted animals in the delayed alternation test (r = 0.48; P > 0.05), although a tendency existed. The correlation with graft size was, however, significant when only the volume ofthe grafts located within the boundaries of the CPu was taken into account (r = 0.62; P < 0.01). In Fig.  3 the performance in the delayed alternation test for the grafted animals (mean correct performance over the last 6 days of testing) is plotted against the graft volume within the CPu (both sides combined). The performance of the group with lesions (without grafts) is given by the triangle (mean ± SEM). Although the two graft placement sites cluster at the two ends of a regression line, the diagram suggests that there may be a critical minimum graft size (in the order of 4-6 mm3 total, or 2-3 mm3 on each side) for significant behavioral recovery to occur. Graft tissue located outside the CPu, on the other hand, appeared to be without effect on the delayed alternation performance. It may be relevant to note that in three of the rats in the GP-graft group (circled in Fig. 3 ) the grafts had produced substantial bilateral damage to the medial part of the internal capsule. One of these was the only graft of large size that did not produce any substantial behavioral improvement in the delayed alternation test. With these three rats excluded from the regression analysis the correlation between graft size in the CPu and delayed alternation performance is even stronger (r = 0.76; P < 0.01). The overnight activity scores (under food deprivation) was uncorrelated with graft size (r = -0.16 for total graft volume and r = -0.39 for graft volume within CPu). However, as noted above, the variability in the activity scores was conspicuous in the GP-graft group: four rats were hypoactive as compared to normal controls (2046 ± 386) (see Fig. le) , and five rats were markedly hyperactive (13, 286 + 2832 ). There was a clear-cut difference between these two groups with respect to the nonspecific damage of the GP: In all five hyperactive rats the GP was substantially destroyed (>40%) on both sides, and in addition there was damage to the medial internal capsule on one or both sides. In the four hypoactive GP rats the GP and the internal capsule were at the most only marginally affected (<20% destruction on any one side).
This may be taken to indicate that the GP-graft placement can be as effective in compensating for the IA-lesion-induced locomotor hyperactivity as the CPu-placed grafts provided that the striatal output pathways are intact and thus that the graft effect on locomotor hyperactivity might be mediated via the GP. This is further supported by the observation that among the 12 grafted animals without substantial GP damage there was a high correlation between the overnight activity scores and the proximity of the graft to the host GP (r = 0.74; P < 0.01). By contrast, this parameter did not correlate with the rats performance in the delayed alternation test (r = 0.42; P > 0.1). In all grafted animals with activity scores within or is plotted against the number of correct alternations in the delayed alternation task (mean of last 6 days oftesting as described in Fig. 1c) for the 17 grafted rats that survived throughout testing. The CPu-graft group is shown by open circles and the GP-graft group by filled circles. The performance of the group with IA lesions (without graft) is indicated by the open triangle (mean ± SEM). For the three circled points, the grafts of the GP group had caused substantial damage to striatal output structures. The regression analysis showed a significant correlation between the parameters (r = 0.62; P < 0.01; regression line, shown in figure: y = 5.99 + 0.23x). If the three rats with nonspecific damage (mentioned above and circled in the figure) were excluded from the analysis, the correlation was even higher (r = 0.76; P < 0.01; y = 6.18 + 0.24x). The morphometry was done as follows: From each section, the structures were outlined and drawn at x 16 magnification on paper. The structures were cut out, weighed, and calibrated against an area standard. The volumes were calculated from the area figures and the distance between each section. below the control range the grafts were located within less than half a millimeter from the GP.
DISCUSSION
The results demonstrate that intrastriatal grafts of fetal striatal tissue are able to substantially ameliorate the maze learning deficits in animals with striatal IA lesions. Grafts placed in the anteromedial CPu were significantly more effective than those placed in, or in the vicinity of, the GP, although also the GP-grafted rats were significantly improved relative to the nongrafted rats with IA lesions. There are several possible explanations for this difference in efficacy.
(i) The difference may simply be a graft size effect since the grafts in the GP group had only about half the size of those in the CPU group (Table 1) . Since both graft groups received the same amount of cells from the same cell suspensions, this indicates that striatal tissue grafts implanted into the lesioned and gliotic area of the striatum survived and/or grew significantly better than those implanted into the largely intact neostriatal or pallidal tissue.
(ih) The graft effect on the learning deficits may depend on the proximity to the area of termination of the striatal afferents coming from the anteromedial prefrontal cortex. Performance in the delayed alternation task is characteristically disrupted by lesions of the anteromedial prefrontal cortex, and selective lesions of its projection area in the neostriatum-i.e., the anteromedial part of the head of the CPu-have similar effects (9, 17, 18 Proc. Natl. Acad. Sci. USA 83 (1986) fore, that the function of the anteromedial neostriatum in the learning of delayed response tasks normally depends on its direct connection with the prefrontal association cortex. If so, the graft effect on the performance in the delayed alternation task may critically depend on the ability of the graft to interact both with the, prefrontal cortical afferents as well as the normal targets of this neostriatal region. This seems consistent with the fact that all CPu grafts were at least in part located within the prefrontal termination zone, whereas only one of the GP grafts reached so far rostrally.
(iii) The smaller functional effects in the GP-graft group may reflect the high incidence of damage to the striatal output structures (GP, entopeduncular nucleus, and internal capsule) caused by the implantation surgery. The post hoc microscopic analysis suggested that this may indeed have been the case for the expression of the graft effect on the lesion-induced-locomotor hyperactivity, whereas the limited effects of the GP grafts in the maze learning task could not be explained on the basis of this factor alone. The present findings that neural implants can significantly ameliorate the acquisition of complex conditioned behavior after destruction of a major telencephalic cortical relay structure raises a number of interesting questions as to the mechanism(s) of action of the striatal grafts. In previous studies of dopaminergic and cholinergic neurons grafted into the nigro-striatal, septo-hippocampal, or basal forebraincortical systems, functional recovery in sensorimotoric or maze learning tasks has been obtained by ectopic placement of the graft-i.e., within or in direct contact with the denervated striatal or cortical targets (1) (2) (3) (4) (5) . In fact, experiments with placement of dopaminergic neurons into the substantia nigra region have so far failed to detect any graft-induced functional effects. This may indicate that, although extensive efferent connections with their normal targets in the host are necessary for the functional effects of grafted aminergic neurons, they may exert at least some of their behavioral effects even in the absence of major normal afferent inputs. In the present experiment we tested both homotopic placement-i.e., into the site of the lesion-and ectopic placement-i.e., into one of the primary projection areas of the lesioned striatal neurons in the GP-for the striatal grafts. Interestingly, the effects on the recovery of maze learning was significantly better with homotopic placements in this model. As discussed above, this would be consistent with the idea that the functional capacity of the striatal grafts in conditioned behavior is critically dependent on some of the normal striatal inputs, above all from the prefrontal cortex. On the other hand, since proximity to the denervated globus pallidus seemed to be a positive factor in the amelioration of the locomotor deficit, graft-induced reinnervation of the denervated target may also play an important role.
Although more detailed anatomical studies are needed to clarify these points, there is some evidence from a parallel anatomical study (22) that fetal striatal neurons implanted into the striatum with IA lesions are capable of establishing at least some afferent and efferent connections with the host brain. Furthermore, neurochemical studies (16) have demonstrated a graft-induced recovery of glutamic acid decarboxylase in the GP. The extent to which behavioral recovery correlates with establishment of specific graft-host connections is an interesting topic for further investigation.
